Abstract: A two-mode (de)multiplexer [(DE)MUX] based on a multimode interferometer coupler and a symmetric Y-junction coupler is proposed and demonstrated on an InP substrate. By introducing a phase shifter section with a thickness-detuned core layer, a miniature two-mode (DE)MUX with mode conversion of 100% is designed and demonstrated. Simulation shows that the total length of the device can be as small as 446 m: much shorter than other mode (DE)MUX in InP materials. Within the entire C-band wavelength range, the calculated insertion loss of the device is less than 0.7 dB, and the crosstalk is below −24 dB. A mode (DE)MUX was fabricated in InP materials, and the mode conversion of the TE 0 and TE 1 modes were successfully demonstrated.
Introduction
The fast development of modern optical communication networks requires further expansion of optical fiber channels. Current wavelength division multiplexing (WDM)-based single-mode fiber optical network can hardly keep up with the rapid increase of bandwidth requirement due to the limited number of available WDM channels determined by the overall bandwidth of fiber amplifiers and optical power limit of fibers [1] , [2] . Mode-division multiplexing (MDM) technology emerges as an effective way to further expand the transmission capacity [3] , [4] . In MDM systems, few mode transmitters play a key role in realizing laser generation, mode conversion, modulation, and multiplexing. Such transmitters are mostly based on discrete devices and components [5] , [6] . But from a long-term view, an integrated transmitter with all passive and active devices manufactured in a single chip is an attractive way to realize a MDM system with high reliability, low cost, and small power consumption. Up to now, several designs for mode conversion and (de)multiplexers((DE)MUX) have been proposed on silicon-on-insulator (SOI) platform, including directional couplers (DCs) [7] , cascaded asymmetric Y-junctions [8] , and multimode interference (MMI) couplers [9] . The mode (DE)MUXs based on DCs are usually sensitive to the fabrication errors [7] . The mode (DE)MUXs based on asymmetric Y-junctions usually tend to have large sizes and low fabrication tolerance, which is unfavorable for integrated devices [8] , especially in material systems with low refractive index contrast, such as the InP platform. MMI-based mode (DE)MUXs are more suitable for monolithic integration due to its ease of fabrication, broad bandwidth [9] and the possibility of standard manufacture as a building block in generic foundry [10] . In spite of the tremendous progress in the hybrid integration of light source on SOI platform, complicate processing technologies, and dedicated coupling method are still challenging [11] . On the other hand, InP-based technologies are also progressing with impressive integration scale and functionality. InP-based technologies are still thriving due to their capability and maturity in realizing active-passive integrated structure. The earliest report on InP based mode converters and combiners can be traced back to Leuthold's work [12] , [13] , where multimode interference coupler (MMI) on InP substrate was proposed to realize the 50%, 66% and 100% mode conversion efficiency, respectively. The total device length was longer than one millimeter to achieve mode conversion efficiency of 100% due to the introduction of a long phase shifter section. Usually, the phase shift can be obtained by changing the effective refractive index or the length of the phase shifter section. A common method of phase-shifting is by bending the waveguide. However, due to the low refractive index contrast between the core layer and the cladding layer in InP systems, the bending method requires a long phase shifter and increases the insertion loss [13] . A tilted joint has been proposed to offer the phase difference on SOI wafer, but the tilt joint could induce extra propagation loss [9] . A tapered waveguide structure is also used as the phase shifter by varying the effective refractive index. However, the fabrication tolerance is strict and an adiabatic taper still results in a long device length, especially in InP materials [14] , [15] .
In this paper, we propose a miniature InP-based two-mode converter-((DE)MUX) design mainly composed of an MMI coupler, a symmetric Y-junction, and a phase shifter with a thickness-detuned core layer. This structure has the advantages of compact size, easy fabrication and high fabrication tolerance. The proposed two-mode (DE)MUX structure is more compact than that based on two-stage MMI [7] , [13] , since the two-stage MMI scheme requires three output waveguides which will cause an increase in the width of multimode section W MMI to sufficiently separate the adjacent output waveguides. The increase of W MMI will cause a dramatic increase in the length of MMI when considering the quadratic relation of L with W MMI [13] . The proposed two-mode (DE)MUX structure are simulated and fabricated on the InP substrate. The fabrication process of the device is compatible with other devices based on InP substrate, such as distributed feedback (DFB) laser, distributed Bragg reflector (DBR) laser, and electroabsorption modulator (EAM).
Device Structure and Design
The two-mode (DE)MUX consists of a 2 Â 2 MMI coupler and a symmetric Y-junction, as shown in Fig. 1(a) . The 2 Â 2 MMI coupler serves as a mode splitter and a =2 phase shifter, while the Y-junction serves as a mode converter and multiplexer. The width W 0 of the Port1, Port2, Port3 and Port4 are designed to support the fundamental mode ðTE 0 Þ only, while the width of Port5 is designed to be 2W 0 to support both the TE 0 mode and the first order mode ðTE 1 Þ. For the 2 Â 2 MMI coupler as shown in Fig. 1(b) , the length L MMI is 3L =2, where L is the beat length of the two lowest-order modes in the MMI waveguide. The phase relations between the input and output arms of the 2 Â 2 MMI coupler based on general interference are given in Table 1 , where i ¼ 1; 2 denotes (bottom-up) the numbering of the input waveguides and j ¼ 1; 2 denotes (up-bottom) the numbering of the output waveguides [16] . When a TE 0 mode is launched from Port1 (TE 0;i¼1 mode, blue curve in Fig. 1(a) ), it is split into two beams with the same amplitude and a phase difference of Á' i¼1 ¼ ' 11 À ' 12 ¼ À=2 between output Port4 and Port3 arm after passing through the 2 Â 2 MMI section. On the other hand, a TE 0 mode injected from input Port2 (TE 0;i¼2 mode, red curve in Fig. 1(a) ) is split into two beams with the same amplitude and a phase difference of Á' i¼2 ¼ ' 21 À ' 22 ¼ =2 between Port4 and Port3 arm after the 2 Â 2 MMI section. Then, the two TE 0 modes in the output arm Port4 passes through a =2 phase shifting section, so that Á' i¼1 and Á' i¼2 become 0 and , respectively, which means that the two branches of TE 0 mode sent from Port1 (blue curve) are in-phase, while that sent from Port2 (red curve) are out-of-phase. Finally, the two branches of in-phase TE 0 modes are coupled to the Y-junction section, combined as the TE 0 mode (blue curve) and guided out from the Port5. On the other hand, the two out-of-phase branches of TE 0 mode are coupled into the Y-junction section, forming the TE 1 mode (red curve) with a 100% conversion efficiency and guided out from the Port5. Therefore, the TE 0 mode launched from the different inputs Port1 and Port2 are collected at the same output with TE 0 mode and TE 1 mode, realizing the mode conversion and multiplexing. Moreover, the demultiplexing of TE 0 mode and TE 1 mode can be also realized with the same structure by using the Port5 as the input.
The cross-section of the two output waveguides of the 2 Â 2 MMI coupler is shown in Fig. 2 . The material structure is a typical sandwich structure based on InGaAsP material with 1.3-m bandgap as the core layer and InP as the cladding layer, the effective refractive indexes of which are 3.3822 and 3.167, respectively. The epitaxial structure of the phase shifter includes a 500-nm InP buffer, a 300-nm InGaAsP core layer, a 20-nm InP etch-stop layer, a 100-nm InGaAsP layer, and a 1.7-m InP cladding layer. While the structure of the other waveguides contains a 500-nm InP buffer, a 300-nm InGaAsP core layer and a 1.7-m InP cladding layer. The proposed structure is suitable for monolithically integrating with other devices based on InP substrate, and the fabrication process is compatible.
Three-dimensional Beam Propagation Method (3-D-BPM) was used to simulate the properties of the two-mode (DE)MUX, where the TE mode at the operating wavelength of 1550 nm is considered. The power of the launch field was normalized as the value of 1. In the simulation, W 0 was set to be 2 m, and the width W MMI of the 2 Â 2 MMI was designed to be 8 m with an MMI length L MMI of 281 m. The two branching waveguides of the Y-junction were cosinearc shape in order to realize a compact size and the length of the bending waveguides along the propagation direction was set to be 150 m. Fig. 3 shows the calculated phase difference between the two waveguides as a function of the phase shifter length. The effective indexes of these two waveguides were 3.240 (phase shifter) and 3.214, respectively. The shortest phase shifter length was calculated to be only 14.7 m for a core thickness variation of 100 nm in the simulation. Thus, the total length of the device was as small as 446 m (not including the inputs and outputs arms), much shorter than other mode (DE)MUX based on InP materials.
The proposed structure can realize the two modes converting-multiplexing function by using Port1 and Port2 as the inputs, as shown in Fig. 4(a) and (b) respectively. It can also realize the converting-demultiplexing function when Port5 is used as the input. Fig. 5(a) and (b) shows the simulated field distribution when the TE 0 mode and TE 1 mode are launched from Port5 respectively. As can be seen, the TE 0 mode injected into the Port5 is collected at the Port1, while the TE 1 mode is converted into the TE 0 mode with 100% mode conversion efficiency and mapped out of Port2. Therefore, the TE 0 mode and TE 1 mode sent from the same input (Port5) can be successfully directed to different outputs (Port1 and Port2), realizing the mode conversion and demultiplexing. The simulated insertion loss of the TE 0 mode and TE 1 mode are only 0.33 dB and 0.003 dB, respectively and the crosstalk of the TE 0 mode and TE 1 mode are −28.0 dB and −24.3 dB, respectively.
Optical bandwidth is a very important parameter for the mode (DE)MUX. Fig. 6 shows the wavelength dependence of the transmission spectra from Port1 (black lines) and Port2 (pink lines) when the TE 0 mode and TE 1 mode are launched from the Port5, respectively. The insertion loss of the TE 0 mode and TE 1 mode are less than 1.6 dB and 1 dB, respectively, in the wavelength range from 1500 nm to 1600 nm and less than 0.7 dB and 0.2 dB in the C band wavelength range (1530 nm-1565 nm). The crosstalk of the TE 0 mode and TE 1 mode are below −18.3 dB and −18.2 dB, respectively, within the wavelength range from 1500 nm to 1600 nm, and both are below −24.5 dB in the whole C band. The low insertion loss and crosstalk of the proposed structure within the broadband wavelength range from 1500 nm to 1600 nm, especially in the whole C band, makes it an attractive solution for few mode optical transmitters.
The multimode section width W MMI of the MMI couplers is the most critical control parameter during fabrication process [16] . Thus, the fabrication error of the W MMI is considered in our simulation, and the results are shown in Fig. 7 . The normalized power at Port1 (black lines) and Port2 (pink lines) are monitored when the TE 0 mode and TE 1 mode are launched into Port5. The insertion loss of the TE 0 mode and TE 1 mode are less than 1.5 dB and 0.6 dB, while the crosstalk are below −23.1 dB and −19.6 dB in the width range of ±100 nm. Nevertheless, when the W MMI varies in the range of ±200 nm, the insertion loss of the TE 0 mode and TE 1 mode are larger than 3.3 dB and 1.8 dB. Therefore, the device performance is affected greatly by the width of MMI couplers.
The phase shifter length has an influence on the phase difference, and the simulated result is shown in Fig. 8 . The black lines denotes the normalized output power at Port1 and the pink lines are the normalized output power at Port2 when the TE 0 mode and TE 1 mode are launched into Port5, respectively. The insertion loss and crosstalk are less than 0.9 dB and −20.1 dB for both of the TE 0 mode and TE 1 mode with a phase shifter length ranging from 14 m to16 m (about AE1 m from the best values). Even when the phase shifter length variation is as large as AE2 m (13 m-17 m), the insertion loss and crosstalk is still smaller than 1 dB and −17 dB. It can be seen that the fabrication process of the proposed device is rather insensitive to the length of the phase shifter.
Fabrication and Analysis
Then, the device was fabricated in out lab. The epitaxial structure was obtained on an InP substrate by low pressure metal-organic chemical vapor deposition (MOCVD) in two steps. In the first step, a 500-nm InP buffer, a 300-nm InGaAsP core layer, a 20-nm InP etch stop layer, and a 100-nm InGaAsP layer were successively grown. The 100-nm InGaAsP layer of the whole structure except the phase shifter section was removed by optical lithography and selective wet etching process. Therefore, the InGaAsP core of the phase shifter was thicker than other sections. A 1.7-m InP cladding layer was deposited in the second epitaxial step, completing the whole epitaxial structure. Then, the ridge waveguide was formed by dry etching process using inductively coupled plasma (ICP) process.
After fabrication, the device was measured using a dedicated passive device test setup. A tunable single-mode laser source working around 1.55 m was used as the injection light source. The output light of the laser was fed through a polarization controller (PC) to be polarized in the TE direction. The beam was then coupled into the input facet of the chip under test. The output light from the chip was then divided into two parts by a beam splitter. One was collected by a charge coupled device (CCD) camera and another was measured by a photodetector. The images of the output modes distribution are shown in Fig. 9 (a) and (b), corresponding to the modes out of Port5 when the light is launched from Port1 and Port2, respectively. The TE 0 mode injected from Port1 still maintains TE 0 mode, while that launched from Port2 is converted to the TE 1 mode at the same output. It can be seen that the TE 0 mode launched from different inputs are collected at the same output with TE 0 mode and TE 1 mode, implying a mode conversion and multiplexing function. Fig. 10 shows the transmission spectra of the fabricated two-mode (DE)MUX when the wavelength of the tunable laser source were scanned from 1535 nm to 1565 nm. Because of the interface reflection between the chip facets, there exists some ripples in the transmission spectra. From a smoothed curve calculation, the 3-dB bandwidth of the transmission curve is 19 nm for both of the TE 0 mode (injected from Port1) and TE 1 mode (injected from Port2). We attribute the narrow 3-dB bandwidth to the fabrication error, especially the width of MMI coupler, which can be improved through more precise fabrication process. Fig. 9 . Images of the output modes distribution at Port5 when a TE 0 mode is launched from input Port1 and Port2, respectively. 
Conclusion
We propose a miniature two-mode (DE)MUX structure based on an MMI coupler and a symmetric Y-junction on InP substrate. A phase shifter section with a thickness-detuned core layer is introduced to realize 100% mode conversion efficiency. The proposed structure is small in footprint and has large fabrication tolerance. It is suitable for integration with other devices base on InP substrate. The device is optimized through 3-D-BPM method and the total length of the device is as small as 446 m, much shorter than other mode (DE)MUX in InP materials. The simulated mode insertion loss is less than 0.7 dB within the wavelength range from 1500 nm to 1600 nm and can be reduced to 0.4 dB in the whole C band. The device is also fabricated on InP substrate, while the mode conversion and multiplexing of TE 0 mode and TE 1 mode are demonstrated successfully. This proposed device will be a promising candidate for the monolithically integrated few mode optical transmitters.
